Background-Myocardial ischemia causes cardiomyocyte death, adverse ventricular remodeling, and ventricular dysfunction. Endothelial progenitor cells (EPCs) have been shown to ameliorate this process, particularly when activated with stromal cell-derived factor-1␣ (SDF), known to be the most potent EPC chemokine. We hypothesized that implantation of a tissue-engineered extracellular matrix (ECM) scaffold seeded with EPCs primed with SDF could induce borderzone neovasculogenesis, prevent adverse geometric remodeling, and preserve ventricular function after myocardial infarction. Methods and Results-Lewis rats (nϭ82) underwent left anterior descending artery ligation to induce myocardial infarction.
T he World Health Organization's World Health Statistics
2008 report indicates that ischemic heart disease is on the rise and remains the most prevalent cause of death globally, constituting Ͼ14% of all deaths. 1 Current therapies to combat ischemic cardiomyopathy include medical management, percutaneous coronary intervention, or coronary artery bypass grafting. The invasive strategies, however, are only applicable to patients with anatomically correctable atherosclerotic disease. A significant proportion of patients with coronary artery disease do not fall into this category, and many of these patients develop ischemic cardiomyopathy and heart failure refractory to medical management, for which the only amenable intervention is transplantation or ventricular assist devices used as destination therapy. The need for novel revascularization strategies is evident, and the emergence of cell therapy as a possible solution has prompted numerous investigations both in animal models 2 and more recently in human trials. [3] [4] [5] Since the discovery of bone marrow-derived endothelial progenitor cells (EPCs), 6 the concept of postnatal vasculogenesis, or neovasculogenesis, as a potential therapy for the sequelae of ischemic heart disease has been intensively investigated. These studies have used a variety of delivery techniques, including endogenous upregulation, 7, 8 systemic delivery, 9 and local injection. 10 Many of these groups have shown a functional benefit of EPC therapy in the setting of myocardial ischemia, but few have been able to demonstrate a long-term effect. This is likely due to the high percentage of cell death and systemic dispersion that accompany both local and systemic injection. We propose that an extracellular matrix (ECM) scaffold seeded with EPCs can overcome these limitations by providing a native environment in which the cells can thrive and enabling an insult-free delivery to the area of interest.
EPCs are thought to promote neovasculogenesis by 2 separate mechanisms. First, bone marrow-derived EPCs have been shown to incorporate themselves into newly formed vessels, crossing from the circulation into the interstitium in a manner similar to neutrophil adhesion and endothelial transmigration. 10, 11 This strategy has been extensively studied, with most investigations focused on providing EPCs as the building blocks of new vessels, but translation of this therapy to human clinical trials has been plagued by the large number of cells needed to demonstrate a clinical benefit. In addition to the ability to form new vessels, EPCs are capable of eluting proangiogenic cytokines that induce new blood vessel growth by promoting the migration and proliferation of local endothelial cells. [12] [13] [14] Several groups have demonstrated a therapeutic benefit of administering these factors directly into the myocardium. 15 Known factors include, but are not limited to, vascular endothelial growth factor (VEGF) and stromal cell-derived factor-1␣ (SDF). Each of these factors plays a specific role in the angiogenic cascade. VEGF, for example, promotes endothelial cell proliferation and subsequent angiogenesis, 16 whereas SDF functions as a chemotactic factor for the recruitment and activation of additional EPCs. 17 We sought to develop a therapeutic strategy that amplifies the paracrine effects of EPCs. Previously, we have reported on the vasculogenic effects of SDF and endogenous EPC upregulation. 6, 7 Additionally, our group has studied the functional benefits of ECM therapy with and without EPCs, 18, 19 and other groups have shown promising results applying epicardial cell sheets for the treatment of ischemic cardiomyopathy. 20 We propose that combining these strategies by surgically implanting an EPC matrix (EPCM) that has been "supercharged" by pretreatment with SDF to serve as a myocardial "paracrine factory" will induce a robust neovasculogenic response. The aims of this study are to characterize the magnitude of the angiogenic response and to measure the functional benefit of a tissue-engineered EPCM primed with SDF in the setting of myocardial ischemia. In order to further delineate the angiogenic and functional contribution of each component of our experimental model, we will also show data from additional experimental groups to demonstrate the superiority of activated EPCM therapy.
Methods

Cell Isolation and Generation of the EPC Matrix
Bone marrow mononuclear cells (MNCs) were isolated from the long bones of syngeneic adult male Lewis rats (Charles River) by density-gradient centrifugation with Histopaque 1083 (Sigma) and seeded on the mucosal side of a decellularized porcine jejunal submucosa ECM. The seeded matrix was then cultured in Endothelial Basal Medium-2 supplemented with EGM-2 Singlequot (Lonza) containing human epidermal growth factor, FBS, VEGF, human fibroblast growth factor-B, R3-insulin-like growth factor I, ascorbic acid, heparin, gentamicin, and amphotericin-B. The seeded matrix was washed at day 4 to remove nonadherent cells. The combination of endothelial-specific media and the inclusion of adherent cells was intended to select for the EPC phenotype. Prior to implantation on day 7, the matrix with or without cells was stimulated with SDF (R&D Systems) at a concentration of 100 ng/mL for 30 minutes in the respective SDF activated groups.
Immunohistochemical Characterization of MNCs Seeded on ECM
After 7 days in endothelial-specific media and the removal of nonadherent MNCs, the remaining cells that were adherent to the ECM were characterized by immunohistochemical analysis (nϭ5). Mouse anti-rat VEGFR2 (Novus Biologicals) was conjugated to biotin (Lightning Link kit; Novus Biologicals). Cells adherent to the matrix were incubated with 4 g/mL di-iodinated acetyl-LDL (Invitrogen) at 37°C for 24 hours and then washed 3 times with Dulbecco's PBS (DPBS) and incubated with 10 g/mL GSL I-isolectin B4 (FL-1201; Vector Laboratories) for 1 hour. Cells were washed and blocked with 10% normal mouse serum (Abcam) for 10 minutes. 20 L/mL biotin-conjugated mouse anti-rat VEGFR2 was added for 1 hour followed by 8 L/mL StreptavidinAllophycocyanin (BD Biosciences) for 45 minutes. Slides were washed and mounted using Vectashield with 4Ј,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories). The cells were visualized via Confocal Microscopy (SCOPE MODEL), and images were processed using ImageJ software (National Institutes of Health). The EPC phenotype was defined as DAPI ϩ , di-iodinated acetyl-LDL ϩ , isolectin-B4 ϩ , and VEGFR2 ϩ .
Characterization of Isolated MNCs by Flow Cytometry
Mouse anti-rat VEGFR2 (Novus Biological) and rabbit anti-rat CXCR4 (Abcam) were conjugated to phycoerythrin and Atto 390, respectively (Lightning Link kits; Novus Biologicals). Bone marrow MNCs were harvested as stated above, and nonspecific binding was blocked with rabbit (10 g/mL) and mouse sera (10 g/mL) at room temperature for 10 minutes. Cells were stained with fluorescein isothiocyanate-conjugated mouse anti-rat CD3 (AdB Serotec), phycoerythrin-conjugated mouse anti-rat VEGFR2, Alexa Fluor 700-conjugated mouse anti-rat CD45 (AdB Serotec), and Atto 390-conjugated rabbit anti-rat CXCR4 (Abcam) at room temperature for 30 minutes. Viability was monitored by 7AAD nuclear stain (BD Biosciences 
Functional Characterization of Isolated MNCs Cultured in Endothelial-Specific Media by Matrigel Assay
Growth Factor Reduced Matrigel (BD Biosciences) was thawed at 4°C and added to a 4-well chamber slide (500 L/chamber). The Matrigel was allowed to polymerize at 37°C, 5% CO 2 for 30 minutes. Fourteen-day MNCs cultured in endothelial-specific media on vitronectin coated plates were trypsinized and brought to a concentration of 100 000 cells/mL in complete endothelial basal medium-2 media, prepared as above; 500 L of the cell suspension was seeded onto the Matrigel-coated chambers and stored at 37°C, 5% CO 2 for 72 hours. Tubes were stained with Calcein AM (Molecular Probes) and visualized on a DF5000B Leica fluorescent scope at 24, 48, and 72 hours. Matrigel assays were performed in triplicate.
Animal Care and Biosafety
Male Lewis rats weighing 250 to 300 g were obtained from Charles River. Food and water were provided ad libitum. This investigation conforms with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) and was approved by the Institutional Animal Use and Care Committee of the University of Pennsylvania (protocol 802076).
Ischemic Cardiomyopathy Model
Rats were anesthetized with ketamine (75 mg/kg) and xylazine (7.5 mg/kg), intubated with a 16-gauge catheter, and mechanically ventilated (Hallowell EMC) with a V t (mL)ϭ6.2 ϫ M 1.01 (M: animal mass, kg) and respiratory rate (min Ϫ1 )ϭ53.5 ϫ M Ϫ0.26 . 21 A thoracotomy was performed in the left fourth intercostal space, and a 7-0 polypropylene suture was placed around the left anterior descending coronary artery (LAD) 2 mm inferior to the left atrial appendage and ligated to produce a large anterolateral myocardial infarction of 30% of the left ventricle. The extent of infarction is highly reproducible in our hands, and progression to cardiomyopathy has been well documented. 6, 7, 22, 23 Following ligation, animals were randomly assigned to either the control (nϭ22) or 1 of 4 experimental groups consisting of the following: ECM alone (ECM, nϭ13), ECM stimulated with SDF (ECMϩSDF, nϭ11), ECM seeded with cells but not activated with SDF (ECMϩEPC, nϭ15), or ECM seeded with EPCs and activated with SDF (EPCM, nϭ21). In experimental animals, the matrix (0.75ϫ0.75 cm 2 ) was sutured to the left ventricular (LV) anterolateral wall encompassing the area of ischemia. Control animals received a similar array of sutures with no matrix. The thoracotomy was closed, and animals were implanted with identification microchips (BioMedic Data Systems, Inc) and recovered. Buprenorphine (0.5 mg/kg) was administered for postoperative analgesia. Identification data were maintained by an investigator who did not participate in subsequent data collection or analysis.
In Vivo Angiogenic Growth Factor Expression
To assess upregulation of angiogenic growth factors, hearts from a subset of animals (control, nϭ4; ECMϩEPC, nϭ4; EPCM, nϭ5) were explanted 4 weeks following LAD ligation, and myocardial tissue biopsies were taken from the ischemic borderzone. Samples were homogenized in T-Per Tissue Extraction Reagent (ThermoFischer), normalized for total protein content via Quick Start Bradford Protein Assay (Bio-Rad Laboratories), and tested for presence of rat VEGF. Immunoblotting was performed using a mouse monoclonal antibody directed against rat VEGF (1:300; Abcam) and horseradish peroxidase-conjugated sheep anti-mouse IgG ECL secondary antibody (1:100 000; GE Healthcare). Chemiluminescent SuperSignal West Dura Extended Duration Substrate (Thermo Scientific) was used, and images were captured using a ChemiDoc XRSϩ system (Bio Rad). Assays were performed in triplicate.
In Vivo Inflammatory Analysis
To assess upregulation of inflammatory factors, hearts from a subset of animals (control, nϭ3; ECMϩEPC, nϭ3; EPCM, nϭ3) were explanted 4 weeks following LAD ligation, and myocardial tissue biopsies were taken from the ischemic borderzone. Samples were homogenized in T-Per Tissue Extraction Reagent (Thermo-Fischer), normalized for total protein content via Quick Start Bradford Protein Assay (Bio-Rad Laboratories), and tested for presence of rat tumor necrosis factor ␣ (TNF␣). Immunoblotting was performed using a rabbit polyclonal antibody directed against rat TNF␣ (1:100; Abcam), and horseradish peroxidase-conjugated sheep anti-rabbit IgG ECL secondary antibody (1:3000; GE Healthcare). Chemiluminescent SuperSignal West Dura Extended Duration Substrate (Thermo Scientific) was used and images were captured using a ChemiDoc XRSϩ system (Bio Rad).
Assessment of Vessel Density
To assess microvascular angiogenesis, a subset of animals was euthanized 4 weeks following LAD ligation (control, nϭ7; ECM, nϭ5; ECMϩSDF, nϭ6; ECMϩEPC, nϭ7; EPCM, nϭ6). Explanted hearts were distended with OCT compound (Sakura Finetek), submerged in an OCT-filled reservoir, frozen, and stored at Ϫ80°C. Transverse 10-m sections were prepared through the infarct level and costained with antibodies directed against platelet endothelial cell adhesion molecule (PECAM) and ␣ smooth muscle actin (␣-SMA). Sections were incubated with mouse anti-PECAM (1:500; BD Biosciences) and rabbit anti-␣-SMA (1:500; Abcam) for 1 hour. Sections were then washed and incubated with Alexa Fluor 555 donkey anti-mouse immunoglobulin G (1:500; Invitrogen) and Alexa Fluor 488 donkey anti-rabbit IgG (1:500; Invitrogen) for 1 hour. Slides were washed and mounted with Vectashield (Vector Laboratories). Quantitative analysis of vessels costaining for PE-CAM and ␣-SMA was conducted with 40ϫ fluorescent microscopy in the infarct zone, periinfarct borderzone, and remote myocardium. Counts were conducted in a group-blinded fashion in 4 fields per specimen for each of the 3 zones and averaged.
Assessment of Microvascular Perfusion With Lectin Angiography
To ensure that newly formed microvessels are functionally perfused, a subset of animals (control, nϭ4; ECMϩEPC, nϭ3; EPCM, nϭ3) underwent lectin microvascular angiography; 500 g/kg of fluorescein-labeled Lycopersicon esculentum (tomato) lectin (Vector Laboratories) was injected into the inferior vena cava and circulated by the heart for 5 minutes. Direct contact of lectin with endothelial cells is required for binding to the surface N-acetylglucosamine oligomers of endothelial cells, so only perfused vessels are labeled. 24 Following lectin perfusion, hearts were explanted. Image stacks were obtained with scanning laser confocal microscopy through 100-m-thick myocardial sections of infarct, borderzone, and remote myocardial regions. 3D reconstructions of the Z-stacks were created with Volocity Software version 3.61 (Improvision, Inc). Fluoresceinlabeled voxels were quantified as a percentage of total tissue section voxels, creating a quantifiable measurement of perfusion per unit of myocardial tissue volume.
Infarct Size and Ventricular Geometry Analysis
Four weeks following LAD ligation, after myocardial functional analysis described below, a subset of animals' hearts were explanted (control, nϭ10; ECM, nϭ5; ECMϩEPC, nϭ7; EPCM, nϭ7). The left and right ventricles were injected with OCT through the aorta and pulmonary artery, respectively, at standard pressures, and the heart was submerged in OCT, frozen, and stored at Ϫ80°C. Each specimen was carefully oriented in an open OCT reservoir with the ligation sutures and external cardiac anatomy as a guide to ensure that each heart was positioned in exactly the same fashion; 10-m sections from midway between the apex and point of ligation were prepared and stained with hematoxylin and eosin (H&E). Using the papillary muscles as a landmark, 2 sections per animal were made perpendicular to the long axis of the left ventricle at its widest dimension approximately 200 m basal to the muscles to ensure uniform comparisons between animals. Measurements were performed on digitized photomicrographs of the sections using Adobe Photoshop CS3 Extended version 10.0 image processing software (Adobe Systems, Inc) with a standard of known length. LV internal diameter (LVID), borderzone wall thickness, infarct area, and cross-sectional area of the entire heart were recorded for each of the sections.
Echocardiographic Assessment of LV Geometry and Function
LV geometry and function were evaluated at 2 weeks (control, nϭ5; EPCM, nϭ4) and 4 weeks (control, nϭ22; EPCM, nϭ21) following LAD ligation by transthoracic echocardiography using a Phillips Sonos 5500 revD system (Phillips Medical Systems N.A.) with a 12-MHz transducer at an image depth of 2 cm. Rats were anesthetized and placed in the dorsal recumbency position. Left parasternal LV short axis 2D and M-mode images were used to define LV anterolateral infarct wall thickness, LVIDs during systole and diastole, and fractional shortening. 25 All analyses were performed by a single investigator in a group blinded fashion.
Invasive Hemodynamic Assessment
Four weeks after LAD ligation, control and experimental animals (control, nϭ22; ECM, nϭ10; ECMϩEPC, nϭ15; EPCM, nϭ21) underwent invasive hemodynamic measurements with a pressurevolume (P-V) conductance catheter (SPR-869; Millar Instruments, Inc). The catheter was calibrated via 5 point cuvette linear interpolation with parallel conductance subtraction by the hypertonic saline method. 21 Rats were anesthetized, and the catheter was introduced into the LV with a 
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closed-chest approach via the right carotid artery. Measurements were obtained before and during inferior vena cava occlusion to produce static and dynamic P-V loops under varying load conditions. Data were recorded and analyzed with LabChart version 6 software (AD Instruments) and ARIA Pressure Volume Analysis software (Millar Instruments, Inc). In addition to P-V conductance catheter analysis, invasive cardiac output measurements were made by placing a Doppler flow probe (Transonics) around the ascending aorta after median sternotomy (control, nϭ20; EPCM, nϭ16).
Statistical Analysis
The unpaired Student's t test was used to compare groups. Values are expressed as meanϮSEM. Statistical significance was defined by PՅ0.05.
Results
Isolated MNCs Seeded on the ECM Show EPC Cell Markers After 7 Days in Endothelial-Specific Media
At day 7 in culture, isolated MNCs grown on ECM show universal expression of VEGFR2, stain positive for isolectin, and show uptake of di-iodinated acetyl-LDL ( Figure 1A) , all of which are characteristic of EPCs. Scanning electron micrographs of ECM before ( Figure 1B ) and after ( Figure  1C ) seeding with EPCs show densely populated, adherent cells.
Isolated MNCs Express EPC Markers as Evidenced by Flow Cytometry
Fluorescence-activated cell sorter analysis reveals a subpopulation of the mononuclear fraction (0.03% of total cells) that expresses VEGFR2, CD45, and CXCR4, all of which are accepted EPC markers. These data indicate that EPCs are present in the isolated MNC fraction prior to culture. Figure 2C ) and stain positive with Calcein AM, a viability marker. These data indicated that the isolated cells exhibit endothelial differentiation capacity consistent with EPCs.
Isolated MNCs Cultured in Endothelial-Specific Media Exhibit Functional Characteristics of EPCs
In Vivo Angiogenic Growth Factors Are Upregulated in the EPCM Group
At 4 weeks, immunoblotting revealed a distinct qualitative increase in rat VEGF expression in the EPCM animals versus the control and ECMϩEPC groups. Representative immunoblot is shown in Figure 3 .
In Vivo Levels of Borderzone TNF␣ Are Not Statistically Different Between Groups
At 4 weeks, immunoblotting revealed similar levels of TNF␣ between the control, ECMϩEPC, and EPCM groups, as depicted in Figure 4 . Quantitative analysis demonstrated intensities of 76.6Ϯ1. 4 
Borderzone Vessel Density Is Greatest in the EPCM Group
Analysis of immunofluorescent coexpression of PECAM and ␣-SMA revealed a significant increase in blood vessel density in the borderzone region of EPCM animals when compared with other groups. Quantitative analysis of vessel density showed 4.1Ϯ0.3 vessels/HPF in the control group ( Figure 5A tively. Vessel density in remote myocardium was equivalent between EPCM (9.7Ϯ0.3 vessels/HPF) and control animals (9.5Ϯ0.5 vessels/HPF, Pϭ0.7), and other groups exhibited similar results.
Borderzone Microvascular Perfusion Is Enhanced Following EPCM Treatment
Remote myocardial perfusion was equivalent between EPCM and control groups (4.3Ϯ0.3% vessel volume/tissue volume versus 3.8Ϯ1.0%, Pϭ0.7). This served as an internal control, validating the assay and demonstrating similar baseline perfusion in the 2 groups. Quantitative analysis demonstrated significantly enhanced perfusion in the borderzone region of EPCM-treated animals (2.7Ϯ0.3%) when compared with both control animals (0.7Ϯ0.2%, Pϭ0.043) and the ECMϩEPC group (1.7Ϯ0.3%, Pϭ0.049), as depicted in Figure 6A . Qualitative assessment of photomicrogrpahs from control ( Figure 6B ) and experimental ( Figure 6C ) borderzone myocardial sections revealed a more densely packed, organized capillary network in the treated group. These data correlate with the increase in vessel density that was noted with PECAM/␣-SMA vascular labeling. Figure 7A) . A marked increase in borderzone wall thickness was also observed in the EPCM group (EPCM, 1.41Ϯ 
Adverse Ventricular Remodeling Is Diminished Following EPCM Treatment
Echocardiographic Assessment Shows Improved LV Function and Geometry Following EPCM Treatment
Echocardiographic assessment of cardiac structure and function demonstrated significant benefits in the EPCM group versus the control group (Table) . At 2 weeks, EPCM animals had a significantly improved ejection fraction when compared with controls (61Ϯ4 versus 43Ϯ1%, Pϭ0.018). At 4 weeks, the EPCM animals again had a significantly greater ejection fraction than controls (68Ϯ2 versus 40Ϯ4%, PϽ0.001). Among EPCM animals, LVID was smaller in both systole and diastole, whereas the infarct wall thickness was greater.
Invasive Hemodynamic Assessment Shows Improved LV Function Following EPCM Treatment
The EPCM animals exhibited statistically significant preservation of cardiac function compared with controls (Table 1 ). The EPCM group had improved maximum pressure, maximum dP/dt, and stroke work. When compared with all other groups, EPCM animals had improved contractility, indicated by an increased slope of the end systolic pressure-volume relationship. This improvement was statistically significant when compared with the control and ECM groups and trending toward significance when compared with the ECMϩEPC group, as shown in Figure 8 , which also depicts representative pressure-volume loops after inferior vena cava occlusion. Cardiac output as measured by direct Doppler flow was also significantly greater in the EPCM group (Table 1) .
Discussion
The results of the present study indicate that the cells isolated to generate the EPCM are indeed EPCs. In vitro, they express the VEGFR2 membrane receptor and exhibit phenotypic markers consistent with EPCs. Additionally, they behave in a manner consistent with EPCs, as evidenced by migration toward the EPC chemokine SDF and formation of primitive capillary tubules in Matrigel. In vivo, we have shown that borderzone myocardium in the EPCM group has significantly upregulated levels of VEGF, indicative of an ongoing angiogenic process as late as 4 weeks after matrix implantation. The results also indicate that vessel density and microvascular perfusion were significantly greater in the borderzone region of EPCM animals. These findings, in conjunction with upregulated levels of VEGF, are consistent with the known vasculogenic mechanisms of EPCs and, thus, are attributable to the SDF primed EPCM. Additionally, a comparison of borderzone TNF␣ levels between groups showed similar levels, which indicate that the angiogenic effects are not the result of differing levels of inflammation.
We have demonstrated that EPCM therapy attenuates adverse ventricular remodeling. Animals in the EPCM group had smaller infarcts, thicker peri-infarct borderzone myocardium, and smaller ventricular diameters after myocardial infarction. Preservation of ventricular geometry resulted in improved ventricular function as measured by 3 separate modalities. Echocardiography demonstrated a statistically significant increase in fractional shortening. P-V conductance catheter measurements of maximum pressure, stroke work, dP/dt max, and contractility were all greater in the EPCM group, as was cardiac output measured by Doppler flow.
Our previous work has shown modest functional and angiogenic benefits of ECM therapy alone and with seeded EPCs; thus, we included a direct comparison of these additional groups to ensure that the benefits of EPCM therapy are a result of the activated EPCM and not the individual components. This comparison shows that EPCM is superior to the ECM patch alone, the ECM patch treated with SDF, and the ECMϩEPC groups. EPCM showed markedly greater levels of borderzone VEGF at 4 weeks. Comparing the EPCM group with the ECMϩEPC group shows statistically significant increases in vessel density and microvascular perfusion, indicating that pretreatment with SDF had a profound effect on borderzone neovasculogenesis. Consequently, the EPCM group had smaller infarcts and improved ventricular function when compared with all other groups.
We postulate that the preservation of ventricular geometry and function is the result of improved microvascular perfusion in the borderzone myocardium. Improved perfusion results in less cell death, leaving a more viable peri-infarct myocardium that is more resistant to wall stress and resultant ventricular dilation. In addition, preservation of borderzone myocardium enhances overall ventricular function.
Our group has previously investigated the effects of endogenous upregulation of EPCs as a neovasculogenic therapy for ischemic cardiomyopathy in this model. 6, 7 Based on these findings, we began to explore the effects of ex vivo expanded EPCs in the same setting. Systemic and direct myocardial injection of EPCs, however, is fraught with complications, such as cell dispersion and high percentages of cell death. Therefore, we aimed to engineer a novel delivery mechanism that would be more applicable to human translation. Noting that most EPC culture protocols, including ours, use fibronectin or vitronectin as a ligand to select for EPCs, we elected to use a decellularized porcine jejunal submucosa ECM scaffold composed mostly of these proteins. This approach enabled a straightforward construction process by which we applied the cells directly to the matrix, and they subsequently adhered to native proteins already present. Additionally, the architecture of the ECM is similar to the cells' native environment, which we postulate promotes enhanced viability. In addition to the above benefits, similar extracellular fibrous sheets are already approved by the Food and Drug Administration for use as pericardial or myocardial septal patches, which streamlines the potential translation of this therapy to human studies. One can argue that a xenogenic matrix may induce a more robust inflammatory response, but we believe that the advantages stated above outweigh this disadvantage, and the data provided regarding borderzone TNF␣ levels support this. For each of the above reasons, we opted to use an ECM scaffold as opposed to a synthetic biodegradable material, and the end result was a densely adherent cell sheet that is easily manipulated and sutured to the ventricular wall. This construct allows for the delivery of a greater number of EPCs to the ischemic area of myocardium and effectively serves as a paracrine factory, eluting angiogenic cytokines in the exact area of interest. Given our previous work and experience with SDF, we believe that pretreatment of the EPCM amplifies this process. The upregulation of these angiogenic factors has 2 effects. First, native endothelial cells are activated and proliferate to form new vessels. Second, native EPCs are recruited to the ischemic area in larger numbers, enhancing the vasculogenic response and restarting the cycle of native endothelial cell proliferation. 13 In our study, this 2-pronged attack clearly results in enhanced borderzone microvascular perfusion and preserved ventricular function. In addition to the above, several animals in the treated group were noted to have highly vascular pericardial adhesions at reoperation. Based on this observation, we postulate that the EPCM could also be facilitating the formation of additional transepicardial collaterals that contribute to the neovasculogenic process in the ischemic borderzone, further enhancing microvascular perfusion. We believe that EPCM therapy is translatable to humans. Human trials involving direct myocardial injection of endothelial progenitors are ongoing, 5 and our institution is currently conducting a phase I trial investigating the safety of surgical implantation of human fibroblast cell sheets in areas of nonrevascularizable myocardium. It is reasonable to suggest that an EPCM would produce as good a clinical benefit, if not better. The major limitation of human translatability of this therapy is the difficulty in harvesting enough EPCs to generate the EPCM in a timely fashion.
The results of this study, although promising, do generate several unanswered questions. Despite showing increased levels of borderzone VEGF 4 weeks after myocardial infarction, the fate of the transplanted EPCs is unknown, and although they are harvested from syngeneic animals, it is possible that they are eliciting an immune response. Additionally, further studies are needed to determine whether a dose-response relationship exists with differing quantities of transplanted EPCs.
In conclusion, our results confirm that the treatment of myocardial ischemia with an ECM scaffold seeded with EPCs primed with SDF preserves ventricular function. We have established that this activated EPC construct, via a paracrine effect, generates a profound neovasculogenic response, and the resulting enhancement of borderzone microvascular perfusion results in preservation of ventricular geometry and function.
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